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INTRODUCTION 
The ultrasonic reflection, and transmission, coefficients can be used to determine the 
extent of interfacial imperfections such as solid-solid contacts, in which two dry, solid 
bodies are loaded against one another [1]. This paper describes the results of studies of the 
interaction of ultrasound with three different solid-solid contact systems. For each of these 
systems reflection coefficient measurements were made as a function of load. These 
measurements were made in the low frequency regime and so, taking the quasi-static 
approximation [2], it was possible to calculate the interfacial stiffuess. A numerical contact 
model is used to predict the interfacial stiffuess. The experimental and numerical results 
are compared and the reasons for the differences explained. 
MODELLING THE REFLECTION OF ULTRASOUND FROM SOLID-SOLID 
INTERFACES USING SPRING MODELS 
If the wavelength of an ultrasonic wave, normally incident on a solid-solid interface, is 
large compared to the sizes of the air gaps (caused by the incomplete contact at the 
interface) then the proportions of the ultrasonic wave transmitted and reflected are 
dependent, not on the exact shape and size of each air gap, but on the stiffuess of the 
interface, and to a small extent on the effective mass and damping of the interface. If the 
sizes of the gaps are in the range 5-50flm then a wavelength of above 500flm is required to 
operate in this long wavelength region. This corresponds to a frequency of below 13MHz 
in aluminum. The effect of the mass term in a mass-spring model of a partially contacting 
interface was shown by Baik and Thompson [2] to be negligible. The mass and damping of 
the interface also become less significant as frequency is decreased and so in this low 
frequency region it is only the stiffness of the interface which governs the reflection 
coefficient. If the partially contacting interface is modelled as a spring then, following the 
analysis of Tattersall [3], it can be shown that if the two materials on either side of the 
interface have identical acoustics impedances, z, then the amplitude of the reflection 
coefficient, R, is given by, 
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(1) 
where, K, is the stiffness of the interface, (J) is the angular frequency and subscripts 1 and 2 
refer to the top and bottom media respectively. From Equation (1) it can be seen that the 
reflection coefficient is frequency dependent. At zero frequency the reflection coefficient 
is equal to zero which corresponds to complete transmission of the wave across the 
interface. As the frequency of the wave increases (the ratio of gap size to wavelength 
becomes larger) the amount of scattering increases and so the reflection coefficient 
increases. The model becomes invalid when the wavelength is comparable to the gap size. 
In the general case where the contacting solids are dissimilar the reflection coefficient is 
given by [2], 
(2) 
where all the symbols have their usual meanings. 
PREDICTING INTERFACIAL STIFFNESS USING A SOLID-SOLID NUMERICAL 
CONTACT MODEL 
The numerical contact model of Webster and Sayles [4] was used to predict the 
interfacial stiffness. This model uses digitised surface roughness data obtained from a 
stylUS profilometer. The model the assumes two dimensional, linear elastic contact 
between a smooth surface and a composite surface. This composite surface is made by 
summing the surface profiles of the two contacting surfaces. Clearly this composite profile 
approach is only valid for the case of linear elastic contact. In previous work by the authors 
[5] this contact model was found to give closer agreement with experimental results than a 
number of statistical contact models, including the well known model of Greenwood and 
Williamson [6]. This is probably due to the fact that the model uses the surface profile data 
directly rather than extracting from the data mean asperity sizes and assuming an asperity 
shape as is typical in the statistical models. For example, the model of Greenwood and 
Williamson [6] assumes that the surface is made up of hemispheric ally capped asperites, all 
of the same radius of curvature, with a range of heights. 
The contact model outputs the pressure distribution and deformed geometry across the 
contact. Form this data the interfacial stiffness is determined from the rate of change of 
nominal pressure with the mean line approach. 
ALUMINUM-ALUMINUM CONTACT 
Apparatus 
The interaction of ultrasound with aluminum-aluminum contacts was studied by the 
authors [5] as part of a fundamental study of the use of ultrasound to interrogate rough 
surface contact phenomena. Figure 1 shows the experimental set-up used to measure the 
reflection coefficient from an aluminum-aluminum interface under pressure. The contact 
specimens consisted ofa l2.5mm diameter aluminum cylinder oflength 20mm and a flat 
aluminum plate of thickness 15mm. Both contact surfaces were machined flat and surface 
treated by grit blasting. In this way a rough surface was created whose profile had no form 
error (waviness). The surface finish was measured using a stylus profilometer, and 
specimens with excessive waviness were re-machined. A 10MHz centre frequency, 
broadband, focused, longitudinal wave ultrasonic transducer was mounted below the 
specimens in a bath of water which enabled good coupling to be achieved between the 
transducer and the underside of the aluminum test plate. The ultrasonic transducer was 
used as both the transmitter and the receiver (pulse-echo mode) and was focused on the 
interface between the two aluminum specimens. The transducer had a diameter of 10mm 
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Figure I. Apparatus used to measure the aluminum-aluminum reflection coefficient. 
and was weakly focused having a focal length of 76.2mm in water. The signal reflected 
from the partially contacting interface was received back at the transducer, amplified, 
captured by a digital oscilloscope and passed to a computer for processing. An FFT was 
performed on each captured waveform to obtain its frequency spectrum. When the 
specimens were out of contact, virtually all the incident wave was reflected back to the 
transducer, and the reflection coefficient of this interface was therefore unity. The 
reflection coefficient for contacts under pressure was determined by dividing the measured 
wave amplitude by that obtained when the specimens were out of contact. This calculation 
was performed in the frequency domain by dividing the spectrum of the reflections from 
the partially contacting interface by a spectrum received from the interface when the top 
aluminum specimen was removed. Hence the reflection coefficient was measured over the 
usable bandwidth of the transducer which was 4-17MHz. 
Load was applied across the aluminum-aluminum interface as shown in Figure I via a 
standard hydraulic materials testing machine. After a series of tests the results were 
analysed for drift of the signal by repeating the aluminum-air measurement and comparing 
this to the previously recorded aluminum-air measurement. The signal change was found 
to be always below 3% across the whole measurement frequency range 
Experimental Results 
Figure 2 shows the measured variation of aluminum-aluminum reflection coefficient 
with frequency for a range of nominal pressures. The frequency dependence can be seen 
clearly, particularly in the pressure range 80-570MPa, where the reflection coefficient 
increases with frequency. At low loads and therefore low percentage contacts, the 
reflection coefficient is close to unity and almost frequency independent. As the load 
increases the reflection coefficient reduces until it reaches a minimum which is again 
almost frequency independent. It appears that the reflection coefficient is tending towards 
a small but finite value (approximately 0.02) rather than zero which would be expected if 
the aluminum specimens had identical acoustic impedances. This is probably due to 
variation in the material properties of the aluminum used for the two specimens which were 
taken from different stocks. The frequency dependence shown in Figure 2 is in excellent 
agreement with that predicted by the spring model indicating the experiment was 
performed in the low frequency range [5 and 7). 
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Figure 2. Measured variation of aluminum-aluminum reflection coefficient with frequency 
for a range of contact pressures. 
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Figure 3. Variation of interfacial stiffness with pressure. The solid lines were calculated 
from the reflection coefficient measurements and the dashed line is a prediction using the 
numerical contact model. 
In a further test the specimens were successively loaded and unloaded. Figure 3 shows 
the variation of interfacial stiffness, which was calculated from the reflection coefficient 
measurements via the spring model (using Equation (l », with contact pressure for the first 
loading and unloading cycle. In Figure 3 it can be seen that the loading follows a very 
different path to the unloading. This is due to plastic deformation of the asperities which 
occurs in the first loading cycle. On unloading, the asperities are already flattened to a 
shape conformal with the opposing surface and so a greater real area of contact, and 
therefore greater interfacial stiffness, occurs at a given load. The unloading is mostly 
elastic and so it is this part of the cycle which should be compared to the elastic contact 
model. 
Comparison Between Experiment and Theory 
Also plotted in Figure 3 are the results of the numerical contact model. The numerical 
contact model used surface profile data taken after the unloading to account for the change 
in roughness caused by plastic deformation. It can be seen form Figure 3 that, although 
there is qualitative agreement between the numerical contact model prediction and 
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Figure 4. Schematic diagram of the effect of plasticity on the contact ofaluminum. 
the unloading line, the quantitative agreement is poor. The model predicts an interfacial 
stiffness of around half the measured value. 
The most likely explanation for the difference between the experimental results and the 
numerical contact model predictions is shown schematically in Figure 4. In the first 
loading the contact is between to randomly rough 'unmatched' surfaces and, as already 
stated, the asperities undergo significant plastic deformation. This plastic deformation will 
cause the asperities of one surface to indent the other surface and vice versa leaving 
permanent deformation. This means that in future cycles, such as the first unloading, the 
surfaces will 'match' one another due to the previous plastic deformation. The net result 
will mean that, for a given load, the degree of contact (and therefore the interfacial 
stiffness) will be higher than predicted by considering the surfaces as two randomly rough 
and unmatched surfaces. The model can take no account of this matching of the surfaces 
and so predicts a lower stiffness than measured. 
PERSPEX-RUBBER CONTACT 
Apparatus and Experimental Results 
As part of a project to assess the performance of dry coupled wheel probes (also known 
as roller probes), which utilise a rubber tyre to couple a transducer to a test structure, 
rubber-solid contact was studied [8]. The aim of the work was to measure the rubber-solid 
reflection coefficient as a function of load and thereby define the load and roughness 
conditions under which such devices will achieve good coupling. Perspex (or plexiglass) 
was chosen as the solid in this study as it is easy to machine and roughen, and is still rigid 
when compared to the rubber. 
Apparatus similar to that used in the aluminum-aluminum study, and shown in Figure I 
was used to measure the rubber-perspex reflection coefficient as a function of load. At the 
start of this study it was anticipated that the agreement between the experiment and theory 
would be good as the rubber-perspex contact is elastic, and over small strains, linear. 
Reflection coefficient measurements were made using a 5MHz ultrasonic transducer and 
converted to stiffness using Equation (2). Figure 5 shows the variation of interfacial 
stiffness with contact pressure calculated from the reflection coefficient measurements via 
the spring model. 
Comparison Between Experiment and Theory 
Also plotted in Figure 5 are two predictions made using the numerical contact model. 
The prediction with the lower stiffness was obtained using the measured 'static' modulus of 
the rubber which was 1.3MPa. Clearly the agreement between this prediction and the 
experimental results is poor. The reason is that, although the static modulus governs the 
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Figure 5. Variation of the stiffness of a rubber-perspex contact with contact pressure. The 
solid line is calculated from the reflection coefficient measurements and the dashed lines 
are predicted from the numerical contact model (NCM) for two different modulus values. 
degree of contact, it is the high frequency 'dynamic' modulus which determines the 
interfacial stiffness. Measuring the dynamic modulus of rubber at 5MHz is a not a trivial 
task. The standard approach would be to propagate a 5MHz shear wave through a sample 
and to measure the shear wave velocity. From this measurement and, assuming a Poisson's 
ratio of 0.5, the shear modulus can be calculated. Unfortunately the shear attenuation in 
rubber is so high as render this approach unusable. The only possibility remaining is to 
calculate the shear velocity from a rubber-solid reflection coefficient measurement. This 
was done for the case of perfect contact between rubber and perspex, the acoustic 
impedance ofperspex and density of rubber being known. Using this approach the 
dynamic modulus at 5MHz was measured at 13MPa. A numerical contact model 
prediction using this value to calculate the interfacial stiffness is shown in Figure 5 and is 
in good agreement with experiment. 
The good agreement between experiment and theory shown in Figure 5 is encouraging 
but Challis et al [9] recently demonstrated that the method of calculating modulus from 
reflection coefficient measurements is inherently prone to large errors, typically in the 
range 50-100%. This means that the 13 MPa prediction line should have large error bars on 
it and the good agreement treated with some suspicion. 
GRAPHITE-GRAPHITE CONTACT 
Apparatus and Experimental Results 
As part of a project to assess the seismic performance of graphite cored AGR and 
Magnox style nuclear reactors it was required to measure the graphite-graphite interfacial 
stiffness [10]. The cores consist of large assemblies of graphite bricks. Typically the 
bricks are 0.5m diameter and 1m high and the cores 10m diameter and 10m high. No 
cement or adhesive is used in the core as the graphite expands markedly when irradiated. 
The seismic performance of the assembly is governed by the bulk stiffness of the bricks 
and by the stiffness of the contacts between the bricks. A IMHz ultrasonic transducer, in 
an experimental set-up similar to that shown in Figure I, was used to measure the variation 
of graphite-graphite reflection coefficient with contact pressure. The results exhibited the 
expected frequency dependence of reflection coefficient and so the reflection coefficients 
were converted to stiffnesses via the spring model using Equation (1). Figure 6 shows the 
variation of graphite-graphite interfacial stiffness with contact pressure. 
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Figure 6. Variation of the graphite-graphite interfacial stiffness with contact pressure. The 
solid line was calculated from the reflection coefficient measurements and the dashed line 
was predicted from the numerical contact model. 
Figure 7. Schematic diagram of the contact of AGR graphite. The harder, poly-crystals are 
shown in white, the softer amorphous graphite shown in grey and the air gaps at the contact 
in black. 
Comparison Between Experiment and Theory 
Also plotted in Figure 6 is a numerical contact model prediction made using the Young's 
modulus of the bulk graphite (i.e. JOGPa). It can be seen from Figure 6 that the agreement 
between theory and experiment is poor. This was not the expected result as graphite would 
appear to offer an excellent chance of obtaining good agreement between experiment and 
theory. AGR graphite is linear elastic and so the problems encountered with the aluminum 
are avoided. Also its modulus is not frequency dependent and so the problems encountered 
with the rubber are avoided. 
The most likely cause for the large difference between the experimental and theoretical 
results is the nature of the graphite itself. AGR graphite has a granular structure in which 
poly-crystalline grains are held together by amorphous graphite. The grains are 
approximately I mm in diameter. The modulus of single crystal graphite is dependent on its 
orientation and varies form below I GPa to over IOOGpa [II]. It seems likely the poly-
crystals in the AGR graphite have a significantly higher modulus than the amorphous 
graphite. Once this is appreciated the graphite can be seen as hard particles in a soft matrix. 
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The soft matrix will govern the stiffness of the bulk material (think if a system of stiff and 
soft springs). Figure 7 shows schematically the contact of AGR graphite. It is apparent that 
the interface will not close until the hardest particles (shown in white) conform and so the 
interfacial stiffness will be governed by the harder particles. A higher 'effective' modulus 
could be used in the model which would have the effect of increasing the predicted stiffness 
bringing it closer to the experiments. This work is on-going. 
CONCLUSIONS 
Reflection coefficient measurements have been made for three systems; aluminum-
aluminum, rubber-perspex and graphite-graphite. In each case the measured frequency 
dependence of reflection coefficient was in good agreement with that predicted by the spring 
model and so it can be concluded that these experiments were performed in the low 
frequency regime. These reflection coefficient measurements were then converted to 
stiffness via the spring model. 
A numerical contact model was used to predict the interfacial stiffness. For all the 
systems considered differences were found between the experimental and the predicted 
interfacial stiffnesses. The cause of these differences is thought to be different in each case. 
In the aluminum system the difference was due to the effect of plasticity. In the rubber-
perspex system problems arose due to the difficulty associated with obtaining an accurate 
dynamic modulus measurement. In the graphite system the difference was caused by the 
granular nature of the AGR graphite. 
These three system illustrate some of the problems associated with predicting interfacial 
stiffness using simple contact models. The way forward is to improve the contact models to 
account for some of these effects and, in the meantime, only use these models on isotropic, 
linear elastic systems or for rough estimates of stiffness. 
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